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ABSTRACT
In this paper, we present a method for removing a high electron mobility transistor (HEMT) silicon substrate using mechanical grinding and
deep silicon etching technology and successfully transferred the epitaxial wafer to a PET substrate to achieve the flexible normally-off HEMT.
By testing the output characteristics and transfer characteristics of the Si-substrate HEMT and PET-substrate HEMT, we have demonstrated
that the PET-substrate HEMT has excellent performance and successfully achieved the mechanical flexibility. Furthermore, we analyzed the
physical mechanisms of the change in PET-substrate and Si-substrate HEMT characteristics, as well as flexible HEMT performance under bent
and flattened states. The flexible HEMT array demonstrates significant potential in integration with other flexible devices, such as GaN-based
micro-LED arrays.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0025587
I. INTRODUCTION
In recent years, with the rapid development of electronic tech-
nology, flexible electronics, as a branch of it, has attracted more
and more attention.1 In addition to the electrical performance of
traditional electronic systems, it also has good mechanical flexi-
bility, which is very suitable for complex working environments.2
Therefore, whether in the commercial or military applications,
the demand for flexible electronic devices is constantly increas-
ing, including flexible displays,3 flexible lightings,4 and flexible solar
cells.5 As a critical part of flexible electronic devices, flexible micro-
electronic devices have also been extensively studied. Among tradi-
tional electronic devices, the GaN high electron mobility transistor
(HEMT), due to its excellent properties such as high electron mobil-
ity, high breakdown electric field, and temperature stability, becomes
one of the mainstream research fields of semiconductors.6–9 Because
of its superior high-power and high-frequency characteristics than
traditional Si-based and GaAs-based electronic devices, it is the most
potential candidate in the fifth-generation wireless communication
(5G).10 However, because the GaN HEMT is usually grown by metal
organic chemical vapor deposition (MOCVD), it can only be grown
on inorganic substrates, such as Si, sapphire, and SiC, which is dif-
ficult to meet the needs of flexible microelectronic devices.11–13 In
order to fabricate flexible HEMT devices, the technology of substrate
transfer is mainly used to realize the bonding of HEMT epitax-
ial wafers and flexible substrates.14 Recent research shows that the
flexible HEMT devices obtained by the substrate transfer technol-
ogy can fully realize the combination of mechanical flexibility and
excellent electrical performance.15–19 However, most of these stud-
ies only analyze the electrical characteristics of normally-on HEMT
devices under different external strain conditions. Considering that
the structure of normally-off HEMT devices is more complicated,
the transfer process will have a larger effect, so it is necessary to
study the electrical performance changes in the flexible normally-off
HEMT devices.
In this paper, we developed mechanical grinding and deep
silicon etching technology to remove the Si substrate from the
normally-off HEMT device and successfully used the bonding
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technology to transfer the epitaxial wafer without a substrate to
a PET substrate. Through detailed measurement of the electrical
properties of the device before and after the transfer process, the
output characteristics, leakage current characteristics, and corre-
sponding physical mechanisms of the flexible normally-off HEMT
device were analyzed. Finally, we tested the performance of the
flexible device in the bent state and successfully demonstrated
that it has the characteristics of mechanical flexibility while still
maintaining excellent electrical characteristics. We believe that the
relatively simple transfer steps, feasible process conditions, and
mature materials ensure the reproducibility of the experiment,
which can be used for large-scale flexible HEMT fabrication in the
future.
II. EXPERIMENTAL DETAILS
The epitaxial layers were grown on a 2-in Si (111) substrate by
MOCVD. After the preparation of the epitaxial wafer, the normally-
off p-GaN/AlGaN/GaN HEMT on a Si substrate was achieved
by hydrogen plasma treatment [Fig. 1(a)]. The main structure of
the epitaxial wafer includes a 1 μm GaN buffer layer, a 100 nm
GaN channel layer, a 1 nm AlN spacer layer, an 18 nm undoped
Al0.2Ga0.8N barrier layer, and a 70 nm p-GaN cap layer. The gate-
to-drain spacing (Lgd) and gate-to-source spacing (Lgs) of the device
are 10 μm and 4 μm, respectively. Additional details can be found
in Ref. 20. The device surface was protected by a photoresist (PR)
layer and bonded to a temporary substrate with wax [Fig. 1(b)].
The Si substrate was thinned to a thickness of about 100 μm using
mechanical grinding and removed completely by deep silicon etch-
ing [Fig. 1(c)]. Based on the inductively coupled plasma (ICP) etch-
ing system, the remaining Si substrate was etched by using a mixed
gas of SF6 (90 SCCM) and Ar (10 SCCM). The ICP power and RF
power were 1500 W and 50 W, respectively. The back side of the
device was coated with Norland Optical Adhesive 63 and bonded
on PET by ultra-violet curing. Finally, the temporary substrate was
removed [Fig. 1(d)], forming a flexible GaN HEMT on a PET sub-
strate. In order to verify the performance of the flexible substrate
HEMT, we tested the electrical characteristics of the device using a
high-precision Keithley SourceMeter (2614B) and a matching probe
platform.
III. RESULTS AND DISCUSSION
The output characteristic curves of the AlGaN/GaN HEMT on
the PET substrates are presented in Fig. 2. The drain–source voltage
Vds is varied from 0 V to 10 V with a series of gate–source voltage
Vgs (from 4 V to 6 V). The output characteristic curves of the Si-
substrate HEMT under the same measurement condition are also
plotted in Fig. 2. It can be seen that after transferring the HEMT
to the PET substrate, the maximum current of the device dropped.
At Vgs = 6 V, the maximum current of the PET-substrate HEMT is
123.9 mA/mm, which is 12.9% lower than the 142.2 mA/mm max-
imum current of the Si-substrate device. Although the maximum
operating current of the device is only slightly decreased, in the
saturation region of output characteristics, Id of the PET-substrate
HEMT decreases significantly with the rise in the drain–source volt-
age Vds, which is known as “current collapse.”21 When the gate is
applied with a voltage of 6 V, Id (Vds = 10 V) is only 81.7 mA/mm,
which is 42.5% lower than the maximum current. Such a current
collapse phenomenon is mainly caused by the self-heating effect of
the device.22 The thermal conductivity of the PET substrate is only
0.15 W/(m K), which is much lower than the 149 W/(m K) thermal
conductivity of the Si substrate. The heat generated within the device
cannot be effectively spread through the PET substrate. When a high
drain–source voltage is applied to the device, the device will quickly
deviate from the optimum operating conditions, eventually causing
a drop in Id in the saturation region.
Unlike the change in the maximum current, the on-resistance
Ron of the PET-substrate HEMT shows a small decrease compared
to the Si-substrate device. The Ron of the Si-substrate HEMT is
24.07 Ω mm at Vgs = 6 V. However, at the same measurement con-
dition, the Ron of the PET-substrate HEMT drops to 17.16 Ω mm.
Similar phenomena have been reported in previous work.22 It may
be caused by a change in the mechanical stress of the epitaxial layer,
FIG. 1. Process of the Si substrate-
transfer technology. (a) Normally-off p-
GaN/AlGaN/GaN HEMT on a Si sub-
strate. (b) The temporary substrate
bonding to the device surface. (c)
Removal of the Si substrate. (d) PET-
substrate HEMT after transferring.
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FIG. 2. I–V characteristics of different substrate HEMT devices. Vgs from 4 V to
6 V, step = 1 V.
and thus, the 2DEG density of PET-substrate HEMT increases due
to the device transfer process.
Besides the output characteristics, the measurement of transfer
characteristics was also carried out. The result is shown in Fig. 3(a).
The inset shows Vgs–Id and Vgs–Ig curves in semi-logarithmic coor-
dinates. The drain–source voltage Vds was fixed at 10 V, and the
gate voltage Vgs varied from −3 V to +6 V. Figure 3(b) shows
FIG. 3. (a) Comparison of transfer characteristics of different substrate HEMT
devices. Vds = 10 V. Inset: transfer characteristic and gate current curves in
semi-logarithmic coordinates. (b) Transconductance curves of HEMTs on different
substrates.
the transconductance curves corresponding to different substrate
HEMTs. It can be seen that the maximum transconductance of
the PET-substrate HEMT and Si-substrate HEMT is 32.2 mS/mm
(Vgs = 2.34 V) and 39.3 mS/mm (Vgs = 6 V), respectively. When
Vgs = 6 V, the PET-substrate device’s transconductance gm is
reduced to 7.5 mS/mm. The PET-substrate HEMT can control the
drain–source current Id more effectively when the gate voltage is
low. However, as the gate voltage rises, the self-heating effect caused
by the poor thermal conductivity of the substrate material causes
degradation of the device performance, and the transconductance
rapidly decreases.19
Comparing the devices before and after the transfer process, it
can be seen that the leakage current of the device also has a con-
spicuous change. When the HEMT is turned off, there are usually
three types of leakage channels: gate leakage, substrate leakage, and
buffer-layer leakage.23 Due to the electrical insulation of the PET
substrate, the substrate leakage is not considered. As shown in the
inset of Fig. 3(a), at Vds = 10 V, Vgs = −3 V, the gate current Ig of the
PET-substrate HEMT is 2 × 10−4 mA/mm, which is much higher
than 1.5 × 10−5 mA/mm of the drain leakage current Id. So, when
the PET-substrate HEMT is turned off, the gate leakage current is the
main leakage path. In the Si-substrate HEMT, the gate leakage cur-
rent of the device is smaller than the drain leakage current under the
condition of −3 V gate voltage. Obviously, unlike the PET-substrate
HEMT, the drain leakage current is the most important factor in the
leakage mechanism of the Si-substrate HEMT. This phenomenon
may be due to the damage to the surface of the device’s GaN cap
layer during the temporary bonding process, which increases the
surface leakage current at the gate of the device. As the gate volt-
age gradually rises from −3 V to 0 V, the gate leakage current Ig
decreases rapidly, but the drain leakage current Id does not change
significantly. The drain leakage current is mainly composed of two
parts: drain–gate leakage current Idg and drain–source leakage cur-
rent Ids. Assuming the drain–gate leakage current Idg plays a leading
role in the drain leakage current Id, then as Vgs changes from −3 V
to 0 V, the change trend of Id should be consistent with Ig. However,
the value of Id remains unchanged. Therefore, we consider that the
drain leakage current is basically independent of the gate leakage,
indicating that the drain leakage current of the device is mainly due
to the buffer-layer leakage.
In addition, when the gate voltage is −3 V, the drain leakage
of the PET-substrate device rises from 3 × 10−6 mA/mm to 1.5
× 10−5 mA/mm compared to the Si-substrate HEMT. The main
source of this leakage is the trap state in the buffer layer.23 There-
fore, the increase in drain leakage reflects an increase in the density
of the trap state of the device buffer layer. The increased trap state
in the buffer layer may be caused by additional dislocations intro-
duced by mechanical grinding and dry etching when the substrate
was removed. In fact, mechanical grinding may damage the quality
of the epitaxial wafer more severely than deep silicon etching. The
thickness of the substrate thinned by the mechanical grinding can be
reduced, and then, deep silicon etching is directly used to remove the
remaining Si substrate so as to obtain high-quality epitaxial wafers
with lower trap density.
Regarding the gate threshold voltage Vth of the device, the
gate threshold voltage is defined as the corresponding gate voltage
value when the drain–source current Id reaches 10 μA/mm.24 Under
the condition that the drain–source voltage is 10 V, the Vth of the
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Si-substrate and the PET-substrate HEMT is 0.76 V and 0.98 V,
respectively. The threshold voltage of the device after transfer only
changes slightly, which means that after the transfer process, the
PET-substrate HEMT still maintains the enhancement-mode device.
To verify the effect of the self-heating effect on the PET-
substrate device, pulse measurements were performed. The drain
contact is subjected to pulses with 50 ms duration. The pulse width is
1 ms. The measurement range of Vds is from 0 V to 10 V. Vgs is fixed
at 4 V, 5 V, and 6 V. The I–V characteristics of the Si-substrate and
the PET-substrate HEMT were measured under three different gate
voltage conditions. The results are shown in Fig. 4. It can be seen
from Fig. 4(a) that under the pulse condition, the I–V characteris-
tics of the PET-substrate device have undergone significant changes.
The current collapse effect caused by the rise in the drain–source
voltage in the saturation region is effectively suppressed. At a gate
voltage of 6 V, the drain–source current Id at Vds of 10 V rises from
the original 81.7 mA/mm to 153.2 mA/mm. The maximum oper-
ating current has also increased by 23.6%, from 123.9 mA/mm to
153.2 mA/mm. The change in device performance is mainly due
to the suppression of self-heating effects by the pulse input. The
pulse used in this experiment is 1 ms, the period is 50 ms, and the
duty cycle is only 2%, so the device does not accumulate heat dur-
ing the test and thus maintains the optimal operating conditions.
For comparison, the Si-substrate HEMT was also tested under the
same conditions, and the results are shown in Fig. 4(b). There was
no significant change in device performance, and only the maximum
FIG. 4. DC- and pulse-mode drain I–V characteristics of HEMT devices (a) on a
PET substrate (b) and a Si substrate. Vgs from 4 V to 6 V; step = 1 V.
current increased from 142.2 mA/mm to 158.4 mA/mm, which was
only 11.4% higher. It can be seen that when the thermal conductiv-
ity of the substrate rises, the self-heating effect is significantly sup-
pressed. Therefore, new materials with excellent properties such as
flexibility and good thermal conductivity can be selected. For exam-
ple, flexible metals (including Al and AuSn) can be used as substrate
materials for flexible HEMTs.25,26 In addition, a thermally conduc-
tive layer (such as graphene, which is currently very popular27) can
also be added between the flexible plastic substrate and the epitaxial
wafer to enhance the heat dissipation performance of the device.
Finally, in order to verify the feasibility of the device as a flex-
ible microelectronic device, the output characteristics and trans-
fer characteristics of the device were tested at the flattened and
bent states, respectively. Figure 5 shows the curves of the measure-
ment result. The bent state was achieved by adhering the flexible
HEMT to a fixed radius of curvature carrier with a curve radius of
R = 12.7 mm, as shown in the inset of Fig. 5(a). Figure 5(a) shows
the comparison of the output characteristics of the device at different
states. The gate voltage is fixed at 6 V, and the drain–source voltage
is scanned from 0 V to 20 V. It can be seen that at the bent state,
the Id of the PET-substrate HEMT is improved compared to the flat-
tened state. At Vds = 20 V, Id increased from 56.35 mA/mm to 60.80
mA/mm. Such a phenomenon can also be confirmed from the trans-
fer characteristic curve. In Fig. 5(b), at the same gate voltages, the Id
of the bent state device is higher than that of the flattened device. In
FIG. 5. I–V curves in flattened and bent states. (a) Output characteristics; Vgs
= 6 V. Inset: HEMT at the bent state with the radius of curvature R = 12.7 mm. (b)
Transfer characteristic curves; Vds = 10 V. Inset: Transfer characteristic curves in
semi-logarithmic coordinates.
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the off state, taking the gate voltage Vgs = −3 V as an example, the
reverse leakage current of the bent state device is 4 × 10−5 mA/mm,
which is 1.5 × 10−5 mA/mm at the flattened state. The leakage cur-
rent increased by 167%. This is mainly due to the fact that the
external stress increases the piezoelectric polarization effect inside
the device due to the increase in the two-dimensional electron gas
concentration at the bent state.28
When the device is under the stress state and the external force
direction with the piezoelectric polarization effect, the polarization
effect inside the device will be enhanced, and the bottom of the con-
duction band at the heterojunction is closer to the Fermi level. The
electron concentration of the channel ηa can be estimated by the
following formula:28
ηa ∝ ε =
aB − aL
aB
+
Υ
R
, (1)
where ε is the introduced strain in 2DEG of the HEMT; aB and aL
refer to the lattice constants of the buffer layer and the barrier layer
material, respectively; Υ is the distance between the heterojunction
and the neutral plane; and R is the radius of curvature. When the
structure and material of the device are determined, the smaller the
radius of curvature of the device, the larger the introduced strain ε,
so the higher the carrier concentration of 2DEG and the current of
the device.
In addition, by defining the gate voltage at Id = 10 μA/mm as
the threshold voltage Vth, the Vth at the bent state and the flattened
state can be obtained, which are 0.89 V and 0.98 V, respectively. It
can be seen that at the bent state, the threshold voltage of the device
drops slightly. This drop in threshold voltage is also caused by an
increase in the polarization effect of the device.28
When the device is at the bent state, an external force causes
an increase in piezoelectric polarization inside the device, which, in
turn, causes the polarization charge density to rise. As a result, the
threshold voltage of the device decreases. This means that the PET-
substrate HEMT can be used as a flexible microelectronic device
without degrading performance.
IV. CONCLUSIONS
Using mechanical grinding and deep silicon etching tech-
nology, we successfully transferred the normally-off AlGaN/GaN
HEMTs on the Si substrate to the PET substrate. The performance
of the PET-substrate HEMT was demonstrated by the measurement
of I–V characteristics, and the degradation was analyzed compared
with the Si-substrate HEMT. Under the DC measurement condition,
negative differential resistance was observed in the output character-
istic curves, which did not exist in the pulsed measurement. The self-
heating effect caused by the poor thermal conductivity of the PET
substrate leads to such a phenomenon. Measurement on the effects
of mechanical flexibility on device performance was also carried out.
Based on such transfer technology, large-area flexible HEMT arrays
and further device integration with other semiconductor devices are
expected in the future work.
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